Abstract: Correct folding is a prerequisite for the biological activity of most proteins. Folding has largely been studied using in vitro refolding assays with isolated small, robustly folding proteins. A substantial fraction of all cellular proteomes is composed of multidomain proteins that are often not amenable to this approach, and their folding remains poorly understood. These large proteins likely begin to fold during their synthesis by the ribosome, a large molecular machine that translates the genetic code. The ribosome affects how folding proceeds, but the underlying mechanisms remain largely obscure. We have utilized optical tweezers to study the folding of elongation factor G, a multidomain protein composed of five domains. We find that interactions among unfolded domains interfere with productive folding in the full-length protein. The N-terminal G-domain constitutes an independently folding unit that, upon in vitro refolding, adopts two similar states that correspond to the natively folded and a non-native, possibly misfolded structure. The ribosome destabilizes both of these states, suggesting a mechanism by which terminal misfolding into highly stable, non-native structures is avoided. The ribosome may thus directly contribute to efficient folding by modulating the folding of nascent multidomain proteins.
Introduction
Combining multiple domains into a single polypeptide chain is a widely used evolutionary strategy for generating proteins with novel functions. 1 Consequently, all proteomes contain a substantial fraction of multidomain proteins. Similar to all cellular proteins, these large proteins are synthesized as linear polypeptides by the ribosome and must fold into precisely ordered structures to become biologically active. While small proteins-which often fold rapidly into their native structures-have been extensively studied, 2, 3 we know much less about the principles that govern the folding of large, multidomain proteins. 4 Large proteins often fail to refold efficiently upon dilution from denaturant and instead form insoluble aggregates of misfolded species, making it challenging to study their folding experimentally. 4 In vivo, however, these proteins fold faithfully to avoid misfolding and potentially toxic aggregation, 5 even in the crowded cellular environment. Thus, the traditional approaches that have provided invaluable insight into the biophysical principles of folding Additional Supporting Information may be found in the online version of this article.
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are not capturing features that are crucial for complex, multidomain proteins.
In the cell, proteins begin to fold while they are still being synthesized by the ribosome. Cotranslational folding 6 is a likely mechanism to reduce the complexity of folding by allowing sequential, domain-wise folding. Nascent proteins remain in close proximity to the ribosomal surface and are not released until their synthesis is complete. The ribosomal environment and the process of synthesis itself can have profound consequences on the folding efficiency and, in some cases, the folding outcome. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Several studies have found that interactions with the ribosome destabilize nascent proteins 7, 16, 20, 21 and reduce their folding rates, 7 but the underlying mechanisms are not well understood. These studies were largely carried out using robustly folding small proteins or domains that were tethered to the ribosome through an artificial C-terminal extension. How the ribosome affects multidomain protein folding has remained largely unexplored.
Here, we have begun to develop elongation factor G (EF-G) from Escherichia coli, a GTPase with an essential function in translation elongation, as a model to study how the ribosome affects the folding of a cytosolic multidomain protein. EF-G has five domains (termed G-domain, II, III, IV, and V) [ Fig.  1(A) ] that comprise a total of 704 amino acids. All organisms contain EF-G homologs. The combination of an N-terminal GTP-binding domain (G-domain) with additional domains, as in EF-G, represents an even more widespread motif. Thus, the EF-G structure represents a common scaffold, variations of which give rise to a number of distinct proteins. Understanding the folding of the complex multidomain protein EF-G may thus shed light onto the properties that guide the folding of a large group of proteins that are built on similar structural scaffolds, and enable comparisons among these proteins to determine to what degree folding pathways are conserved among homologous structures. We carried out single-molecule experiments with optical tweezers to characterize the folding of full-length EF-G and of the N-terminal G-domain, both in isolation and as a ribosome-bound nascent polypeptide. Fulllength EF-G refolds very inefficiently due to interactions among unfolded domains that are detrimental to productive folding. The G-domain alone can fold co-translationally, indicated by its ability to adopt stable structures in isolation and on the ribosome. Interestingly, the domain adopts both native and non-native structures, both of which are destabilized by the ribosome. This destabilization may help the G-domain to avoid permanently misfolded conformations and reach its native structure, completing the first step of EF-G folding.
Results

Full-length EF-G unfolds domain-wise
To obtain insight into the folding of EF-G, we mechanically unfolded the full-length protein [ Fig.  1(A) ] using optical tweezers. We engineered a construct containing tags at both termini that enable the attachment to polystyrene beads for mechanical manipulation [ Fig. 1(B) and Materials and Methods]. Applying mechanical force destabilizes folded structures, resulting in unfolding. Unfolding events are apparent as "rips"-sudden increases in the molecular extension that accompany the transition from a compactly folded to an unfolded structure that is extended under force.
We tethered the purified protein between two polystyrene microspheres and subjected it to "force ramp" experiments. In these measurements, we continuously increased the applied force by moving the optical trap at a velocity of 100 nm/s. Initial stretching of the molecule resulted in a sequence of distinct unfolding transitions over a force range of 2 to 45 pN, as illustrated by the representative force-extension curve shown in Figure 1 (C) (red trace). We obtained similar results for 10 molecules. The extension changes and unfolding forces in the initial unfolding trace ("first pull") of each molecule are shown in Figure 1(D) . Combining the contour length changes of the transitions in each trace, calculated from the extension change at the unfolding force using the worm-like chain (WLC) model, 22 yielded 246.0 nm 6 2.4 nm (standard deviation, std), close to the expected value of 244.5 nm for complete unfolding of natively folded EF-G based on the crystal structure (PDB code 4V9P 23 ). This observation is consistent with the notion that EF-G in our construct is natively folded and completely unfolds in the force range probed in our experiments (2-50 pN). The step-wise unfolding over a large range of forces suggests that at least some of the EF-G domains unfold independently. We calculated the expected length changes for each domain based on the EF-G crystal structure (Supporting Information, Table ST1 ). The transitions at the highest force, occurring between 30 and 45 pN, show a mean contour length change of 102.3 nm (6 2.2 nm, std), in good agreement with the 103.4 nm expected for unfolding of the N-terminal G-domain [ Fig. 1(D Fig. 1(D) ]. Mechanical unfolding experiments with a construct encompassing the G-domain and domain II confirm that these transitions represent unfolding of domain II (Supporting Information, Fig. S1 ). The G-domain and domain II both unfold in either a single transition or two successive transitions that add up to the expected length change [dashed red and yellow lines in Fig. 1D ]. While the structure of the G-domain unfolding intermediate is unclear, the dimensions of the domain II unfolding intermediate are consistent with rupture of the Gdomain/domain II interface, suggesting coupling between these two domains (see Supporting Information and Discussion). Domains III, IV, and V unfold at forces below 20 pN. Domains III and V have very similar calculated extension changes associated with unfolding (24.5 nm for domain III and 25.3 nm for domain V), making it difficult to distinguish them based on length change alone. A cluster of 25 nm unfolding events in a single step below 15 pN is observed in all traces. The 25 nm transitions above that force are observed in only some traces. The remaining traces show a much longer transition of 75 nm that agrees well with simultaneous unfolding of domains IV and V. Simultaneous unfolding of these two domains can potentially be rationalized by their organization in the primary structure [ Fig. 1(A) ]: Domain IV is discontiguous and straddles domain V, which could suggest coupling between these domains. Alternatively, all or part of domain V may spontaneously populate unfolded states that are extended under force when domain IV unfolds. Further experiments with constructs encompassing domains III, IV, and V individually or in combination are needed to unambiguously confirm our assignments of unfolding transitions in full-length EF-G to individual domains. However, based on the reasoning above, it is very likely that domain III unfolds first [green line in Fig. 1(D) ], followed by domains IV and V either individually (blue and purple lines) or in combination [dashed blue/purple line in Fig. 1(D) ]. In summary, the observed extension changes largely match the expectation based on the EF-G crystal structure. Overall, our findings indicate that-with the exceptions pointed out above-the EF-G domains mostly unfold individually.
EF-G refolds inefficiently
To probe the folding of full-length EF-G after complete unfolding, we relaxed the force on the polypeptide to initiate refolding and held the molecule at 2 pN for 10 s. Subsequent stretching typically yielded different sets of transitions [ Fig. 1(E) ]. After unfolding, we never observed a subsequent force-extension curve that exhibited the complete sequence of unfolding transitions in the initial unfolding trace, indicating that the protein did not fold back completely into its initial structure within the given refolding time interval. Many of the force-extension curves recorded after the refolding pause exhibited poorly defined unfolding transitions at low forces (F < 5 pN) that could not be reliably measured and are thus not represented in Figure 1(D) . The transitions observed at low forces (between 5 and 10 pN) with variable extension changes perhaps represent collapsed, molten globule-like states without a high degree of tertiary structure. Some of these structures unfold with extension changes substantially longer than expected for the largest domain [i.e., they appear to the right of the solid red line in Fig.  1 (E)], indicating that sequences from at least two domains participate in their formation. Overall, the protein mostly adopts mechanically labile and heterogeneous structures, suggesting that interactions among unfolded domains interfere with productive folding.
While EF-G failed to completely fold back into its native structure within the 10 s refolding time, some of the transitions observed during initial unfolding are also apparent after the refolding pause [ Fig. 1(E) ], suggesting that some of the domains regain their native structures, although infrequently. Unfolding rips similar to those observed for domains III, IV, and V are apparent in some of the force-extension curves, although they are partially obscured by the heterogeneous ensemble of transitions in the lower force range. The transition corresponding to G-domain unfolding is clearly observed in a fraction of the pulling traces [ Fig. 1(E) ]. In some cases, the transition occurs in the same twostep manner as during initial unfolding, indicating that the G-domain refolds to its native structure in our experiments, although rarely. This observation indicates that the G-domain represents an independently folding unit that could acquire its native structure co-translationally.
The G-domain folds autonomously
As the G-domain is produced first during EF-G synthesis and can fold into its native structure independently, its co-translational folding could be particularly important for proper structuring of more C-terminal domains. To obtain insight into the folding of the Nterminal G-domain, we generated a construct that comprises the N-terminal 294 amino acid residues of EF-G with tag sequences on either terminus that allow tethering for optical tweezers manipulations. We subjected the protein to force ramp measurements under the conditions described above and observed unfolding transitions [ Fig. 2(A) ] that resembled those assigned to the G-domain in unfolding experiments with the full-length protein ( Fig. 1) , indicating that the isolated G-domain represents an independently folding unit.
When the denatured protein was allowed to refold for 10 s at 2 pN, the G-domain refolded with a high probability (p refold (10 s) 5 0.71, 202 refolding events in 284 attempts), indicated by an extension change consistent with the native structure at high force (30-50 pN) [ Fig. 2(A) ]. When the molecule fails to refold, we either do not observe a measurable transition, or unfolding at forces below 10 pN, probably reflecting the unraveling of a loosely structured state that might correspond to an early molten globule-like folding intermediate. Shortening the refolding pause to 1 s resulted in a decreased folding probability of p refold (1 s) 5 0.32, while increasing the waiting time at 2 pN to 15 s increased the folding probability to p refold (15 s) 5 0.79. A high likelihood of forming additional tethers between the beads during longer waiting times prevented us from extending the refolding time beyond 15 s. This increase over time indicates that the lower force unfolding events in our G-domain force ramp measurements represent partially folded states that will ultimately convert to the more stable structure, given enough time. Overall, the isolated G-domain robustly folds into mechanically stable structures that unfold in a force range of 30-50 pN.
The G-domain transiently populates an unfolding intermediate
A fraction of the high-force unfolding transitions of the G-domain occurs in two distinct steps, whereas only a single step is resolved in the remaining unfolding transitions [ Fig. 2(A,B) ]. The single transitions show a contour length change of 101.4 nm (6 1.82 nm, std). For two-step transitions, a small rip with a contour length change of 11.1 nm (6 1.03 nm, std) is followed by a larger transition of 89.9 nm (6 1.55 nm, std) within a time interval of 200 ms, indicating that the protein populates an unfolding intermediate that is highly unstable in the unfolding force range. Combining the transitions in each trace yields a total change of 101.0 nm (6 1.52 nm, std), very close to the value obtained for one-step transitions [ Fig. 2(C) ]. The fraction of twostep unfolding events among all unfolding events is f 2-step 5 0.39. It thus is possible that either the molecule populates different states that yield similar total unfolding extension changes, or that the molecule unfolds through two different pathways. Alternatively, the short lifetime of the intermediate could result in failure to detect the intermediate at our sampling rate (1 kHz).
We first estimated the probability of failing to detect the unfolding intermediate due to the time resolution of our measurement. We only counted the intermediate if it was populated for at least 5 samples during the measurement, that is, if it persisted for at least 5 ms, because shorter dwell times do not permit reliable measurements of the change in molecular extension. The unfolding intermediate lifetime appeared to be constant over the unfolding force range [ Fig. 2(D) , inset]. Determining the lifetime of the unfolding intermediate yielded a distribution that we fit to a single-exponential probability density function, yielding a mean lifetime of s Iu 5 34.1 ms (with 95% confidence intervals, C.I., of 31.6 and 37.0 ms) [ Fig. 2(D) ]. By integrating the probability density function from 0 to 5 ms, we calculate the probability of missed detection of the intermediate to be p miss 5 0.14.
The G-domain adopts distinct structured states
The above result makes it very unlikely that our finite sampling rate alone can account for the fraction of traces with only one transition (f 1-step 5 1 2 f 2-step 5 0.61). Instead, at least two unfolding processes must underlie the observed behavior, one that populates the intermediate, and one that occurs in a single step. This notion is further supported by the observation that the one-step and two-step events occur with distinct unfolding force distributions [ Fig. 3(A) ]: the distribution of one-step transitions is skewed toward lower values compared to that of two-step transition. Thus, while the two-step events represent a homogeneous population of unfolding events, the one-step events are likely a mixture of two components: one component represents events that are actually two-step transitions in which the intermediate has not been resolved in our measurements (see above), the other component represents a process with different unfolding parameters that, on average, occurs at lower force. As we observe the unfolding intermediate in many of the initial unfolding curves as well as in the fulllength protein [ Fig. 1(D) ], its population is likely a hallmark of the natively folded G-domain.
To resolve the two components observed during G-domain unfolding and characterize them individually, we first focused on only the two-step transitions, which can easily be identified and represent Figure 3 . The G-domain populates two distinct structured states. (A) Histograms of unfolding force distributions comparing two-step events (red bars) and one-step events (yellow bars) to the unfolding force measured during the initial stretching of the G-domain (black bars). For two-step events, only the unfolding force for the first step is considered. The distribution of the initial unfolding events is very similar to that of two-step events, but not to that of the 1-step events. (B-D) Analysis of the unfolding force distributions for two-step events (B), one-step events (C), and combined events (D) from the 10 s refolding data set. Red and yellow lines represent calculated probability densities using Bell's model, 43 with parameters extracted by transforming the unfolding force distributions (red and yellow bars) into force-dependent lifetimes using the method of Dudko et al. 24 The orange bars in D represent the entire unfolding force distribution and a calculated probability density (orange line) that is a combination of the two models in B and C, weighted by the probability of the individual components. The scatter plots on top highlight the data that was used for the respective analysis and plot on the bottom. Fig. 3(B) ]. The large uncertainty for the value of the native state lifetime is in part due to the relatively large unfolding forces, which requires long extrapolation to zero force.
We next estimated the parameters of the second unfolding component. We assume that the one-step transitions represent a mixture of components 1 and 2 due to missed detection of the unfolding intermediate with a probability of p miss 5 0.14 (see above). We calculated the fraction of events that component 1 contributes to the one-step transitions and corrected the unfolding force distribution of one-step events accordingly (Supporting Information, Table ST2 ). Analysis of the resulting unfolding force distribution 24 [ Fig. Table ST2 ). Using these parameters, we are able to recapitulate the total distribution of unfolding forces reasonably well [ Fig. 3(D) ]. Thus, two components with similar transition state distances, but different zero force lifetimes are needed to describe unfolding of the G-domain. When we compare the three data sets with different refolding times (1, 10, and 15 s), we find similar parameters for the component 2 transition state distance and lifetime (Supporting Information, Table ST3 ). The probability of component 2 also remained relatively constant over the variation of refolding time. We obtained a 5 0.60 for a refolding pause of 1 s and a 5 0.56 for a refolding pause of 15 s (compared to a 5 0.5 for a 10 s refolding pause).
3(C)] yields parameters of
Our analysis indicates that component 2 is observed in 55% of all unfolding events. At least two scenarios can explain the observation of these components: the natively folded G-domain could unfold through two different pathways, each with its own unfolding force distribution. Alternatively, the Gdomain could adopt two distinct states during refolding, each with its own mechanical stability. To distinguish between these two possibilities, we carried out experiments in which we set the upper force limit to 30 pN. Owing to the subtle differences in unfolding force distributions described above, the probability of observing component 1 unfolding is lower than that of observing component 2 unfolding (p unfolding (C1,F 30 pN) 5 0.03 and p unfolding (C2,F 30 pN) 5 0.07). In the alternative pathways scenario, the lower force-route is available during each pull, and we would thus expect unfolding at the higher of the two frequencies. If alternative states account for the mixed distributions discussed above, unfolding in this force range should be rare, as the two components do not appear to quickly interconvert (see above results for different refolding times). When we repeatedly stretched the folded G-domain to 30 pN in force ramp experiments, we observed unfolding with a probability of 0.016 (5 events in 314 attempts, 5 molecules), much lower than what is expected for component 2 (P value 5 0.002 from Student's t test) and for the entire set of unfolding data, which has an overall probability of unfolding below 30 pN of 0.04. This finding makes it unlikely that component 2 represents an alternative unfolding pathway.
Importantly, the force distribution of only the initial unfolding transition for each molecule (52 molecules total), which presumably occurs from the natively folded state, matches much better with the two-step unfolding forces than with the total unfolding force distribution [ Fig. 3(A) ]. It therefore appears that, after initial mechanical unfolding, the Gdomain can refold into at least two states with indistinguishable length changes upon unfolding, but different mechanical stabilities. The fact that initial unfolding occurs with a force distribution similar to component 1 makes it likely that component 1 represents the native state, whereas component 2 represents a non-native state that is adopted in about half of all refolding attempts.
The ribosome slows G-domain folding
The autonomous folding of the G-domain makes it likely that folding begins as soon as the domain emerges from the ribosome during EF-G synthesis. The ribosome has previously been shown to modulate nascent protein folding. 7 We therefore asked whether the ribosome also has an effect on the nascent Gdomain. To this end, we generated ribosome-nascent chain complexes [ Fig. 4(A) ] using an in vitro translation system that was programmed with in vitro transcribed mRNA. 7 The mRNA terminated at codon 328 of the EF-G sequence (CCG, encoding proline). Owing to the absence of a stop codon, the translation product accumulates as a peptidyl-tRNA (Supporting Information, Fig. S2 ) that is stably anchored in the ribosomal P-site. With the arrest position 35 amino acids downstream of the G-domain boundary, domain II serves as a natural spacer that allows the entire Gdomain to emerge from the ribosome [ Fig. 4(A) ]. We refer to this construct as the G-domain ribosomenascent chain complex (G-RNC). The transitions observed upon G-RNC unfolding [ Fig. 4(B) ] are similar to those of the isolated Gdomain. They mostly occurred between 30 and 50 pN with a total contour length change of 103.3 6 1.7 nm (std), often composed of individual transitions contributing 11.2 6 1.7 and 92.2 6 2.0 nm. The observation that G-RNC populates the same unfolding intermediate detected in the isolated native G-domain suggests that the protein adopts the same folded structures on the ribosome and in isolation. In addition to the mechanically labile states that unfold below 10 pN, G-RNC populates structures that unfold in the 10-30 pN range [ Fig. 4(B) ]. Several of these events are correlated (i.e., they occur in close succession in the same trace; Supporting Information, Fig. S3 ) with combined contour length changes, often similar to unfolding of the full G-domain. These states are not observed with the isolated G-domain and could represent folding intermediates that rapidly progress to the fully folded state in the absence of the ribosome, but accumulate in G-RNC due to a deceleration of the forward folding rate.
The overall folding toward the stable structures is markedly slower for G-RNC than it is for the Gdomain alone. Under identical refolding conditions, Fig. 2(B) ], presumably representing folding intermediates. (C) Unfolding force distribution and model for the two components that characterize unfolding as in Figure 3 . (D) Comparison of the unfolding force distribution of G-RNC (black bars) and the isolated G-domain (grey bars). G-RNC exhibits lower unfolding forces for both two-step transitions (top) and one-step transitions (bottom), indicating that the native and the non-native state are destabilized by the ribosome. (E) Comparison of the force-dependent unfolding rates (k unf ) for G-RNC (red) and the G-domain (black), separated by components (C1 and C2). The ribosome destabilizes both components. The ln(k unf ) vs F plots exhibit rollover at high force, indicating that the barrier for unfolding begins to disappear in this regime. 44 G-RNC folds into stable structures much less frequently than the isolated G-domain. We observed native state unfolding with an overall probability of p refold (G-RNC, 10 s, 2 pN) 5 0.27 after a refolding pause of 10 s at 2 pN, a value similar to that obtained for the isolated G-domain after a 1 s pause (p refold (G-domain, 1 s, 2 pN) 5 0.32). Thus, overall folding of G-RNC is decelerated approximately 10-fold compared to the isolated protein.
The ribosome destabilizes the native and the non-native structures
In addition to slower folding, G-RNC also exhibits unfolding at lower forces than the isolated G-domain [ Fig. 4(C) ], suggesting that the ribosome mechanically destabilizes the natively folded structure. This destabilization is consistent with a lower value for the zeroforce lifetime of the natively folded ribosome-bound domain from analyzing the unfolding-force distribution of two-step events [ Fig. 4(D) ]. We obtain a value of s 0 5 78300 6 10815 s, while the distance to the transition state for unfolding, Dx ‡ unfolding 5 1.23 6 0.15-nm, is similar for both the G-domain and G-RNC. These results indicate that the G-RNC has a slightly higher unfolding rate than the G-domain alone, at least in the experimentally accessible force range.
Similar to what we observed for isolated protein, G-RNC appears to populate two stable states. The force distribution for one-step unfolding events is well described by a two-component model [ Fig. 4 (C)] as described above for the free G-domain. The second component has parameters of Dx ‡ unfolding 5 0.68 6 0.05-nm and s 0 5 388 6 152 s. Thus, the second component has a zero-force lifetime much shorter than the one determined for the G-domain alone, suggesting that the ribosome destabilizes the non-native state. The probability of component 2 in the distribution is a 5 0.62, similar to what we observed for the isolated G-domain, indicating that the presence of the ribosome does not alter the probability of folding into either the native state (component 1) or the nonnative state (component 2). Consistent with this observation is the fraction of 2-step events that are unique to the native state, f 2-step 5 0.33, similar to the value determined in the absence of the ribosome (see above). In summary, the ribosome affects several aspects of G-domain folding. It destabilizes both the native and the non-native state and reduces the overall forward folding rates.
Discussion
Here, we have made a first step toward developing elongation factor G, EF-G, as a model to study multidomain protein folding and the influence of the ribosome on the process, using mechanical manipulation of individual molecules with optical tweezers. As EF-G folding has not previously been studied, we first characterized the properties of individual domains in the context of the full-length protein, and then proceeded to characterize how folding of the N-terminal G-domain, which may represent a crucial step during the biogenesis of the full-length protein, is affected by the ribosome.
Unfolding of full-length EF-G proceeds from the C-terminal portion of the molecule and occurs largely in a domain-wise fashion. The three Cterminal domains unravel at relatively low forces, well below 20 pN. While we cannot unambiguously assign these transitions to the individual domains, domain III appears to be mechanically weakest, unfolding below 15 pN. Domains IV and V are slightly more stable. They often unfold in one apparent step, indicating energetic coupling. In fact, domain IV is discontiguous in sequence, straddling domain V. This arrangement is reminiscent of the subdomain arrangement in T4 lysozyme, where topological coupling results in cooperativity that is important for efficient folding. 25 The two N-terminal domains, domain II and the G-domain, unfold at higher forces. Most likely, the extensive interface between the two domains (buried surface area of 1899 Å 2 , calculated from structure 4V9P 23 ) ruptures first, releasing amino acids 294-317 in the loosely structured region just upstream of the first strand of the domain II beta sheet. Based on the crystal structure, such a rupture would result in a contour length change of 8.9 nm (Supporting Information,), very close to the observed first transition during domain II unfolding (9.1 nm). The resulting partially structured domain II is highly unstable and quickly unfolds. Thus, the G-domain and domain II are energetically coupled, although through a mechanism that is different from the one described for domains IV and V above. Attempts to refold the full-length protein did not result in complete renaturation. In a fraction of attempts, domains III, IV, and V appeared to regain their initial structure. More rarely, the G-domain refolded. Overall, folding of the full-length protein is very inefficient, even on the level of individual domains. Inefficient folding of the G-domain in the full-length protein is in contrast to robust refolding of the same domain in isolation.
Perhaps after complete mechanical unfolding, several unfolded domains form non-native, off-pathway structures that need to unfold for productive folding to proceed. The observation of transitions that are longer than any individual domain [ Fig.  1(D) ] supports this interpretation. Similar effects have been observed for heat shock protein 90, 26 another multidomain protein. In vivo, domain-wise folding during synthesis likely avoids a scenario in which all domains in a given polypeptide molecule are simultaneously unfolded. Notably, we did not observe a single occurrence of domain II refolding. It is possible that domain II requires contacts with the structured G-domain to be stably folded, given the extensive interface between the two domains in the native structure. A similar scenario has been observed for phosphoglycerate kinase: the N-terminal domain must fold first, 27 perhaps reflecting a general hierarchy of domain-wise folding from N-to C-terminus. If properly formed upstream structures are important for subsequent folding, it would be particularly important that they complete their folding in an efficient and timely manner to avoid accumulation of unfolded domains that enter into detrimental interactions. The N-terminal G-domain indeed folds autonomously as soon as it emerges from the ribosome during EF-G synthesis. When the G-domain folds in close proximity to the ribosome, overall refolding rates are reduced approximately 10-fold. Reduced folding rates may generally help to delay folding of individual domains or small proteins during synthesis until sufficient sequence has been produced for the nascent polypeptide to enter into productive folding pathways, tuning folding rates to synthesis rates. 7 In the context of multidomain proteins, an additional function could be the stabilization of partially structured states that are competent to form native interfaces with other domains. In the related scenario of forming a heterodimeric complex, the ribosome-together with molecular chaperones-has been shown to play a crucial role in proper assembly of the LuxAB luciferase. 28, 29 Folding of domain II and/or the formation of the G-domain/domain II structural unit might require similar contributions, which would explain why it fails to fold during renaturation of full-length EF-G. In addition to decreasing forward folding rates, the ribosome also decreases the (mechanical) stability of the folded G-domain, suggesting increased unfolding rates. Destabilization of structured nascent proteins by the ribosome has previously been observed. 16, 21 Our optical tweezers experiments are nonequilibrium measurements that do not allow us to directly determine thermodynamic stabilities. The observation that the ribosome decreases G-domain folding rates while at the same time increasing the rate of unfolding could suggest a thermodynamic destabilization, which would be in agreement with measurements of nascent chain stabilities by NMR spectroscopy 16 and pulse proteolysis. 21 Structural destabilization is thus emerging as a general effect of the ribosome on nascent polypeptides, at least in the case of natural proteins. The folding of the artificially designed Top7 protein, 30 on the other hand, is not detectably affected by the ribosome, 31 raising the possibility that destabilization by the ribosome is an evolved property of natural proteins with significance for de novo folding. Such a mechanism might help to protect the ribosome from the mechanical forces that can be generated during nascent chain folding, 31 which might otherwise perturb the structure of the ribosome's catalytic center. However, few proteins have been investigated in this respect so far, and a much larger data set is required to evaluate this hypothesis. Interestingly, our unfolding experiments reveal a dichotomy within the G-domain unfolding transitions. Multiple parallel unfolding pathways could in principle explain this behavior and have in fact been observed experimentally for the src SH3 domain. 32 However, we do not observe upward curvature in a plot of ln(k unf ) vs force [ Fig. 4(E) (1-15 s) , the relative population of the non-native state does not decrease, even though the fraction of structured states (both native and non-native) increases during this time interval. Thus, the non-native state likely represents a misfolded or trapped state that does not directly convert into the native structure, at least not on the time scale of overall productive folding. Interestingly, the non-native state is destabilized by the ribosome more than the native state, as judged by the shift in the unfolding force distributions. Thus, the ribosome does not prevent the formation of this state, but facilitates its unfolding. In the cell, ribosome-binding molecular chaperones, 33 such as trigger factor, 34 probably further destabilize misfolded states. Contributions from the ribosome may enhance this important biological activity. The structural identity of the non-native Gdomain state is not clear. It unfolds with an extension change indistinguishable from that of the native state at only slightly lower forces. This observation could suggest that the termini of the protein are in a similar configuration in both states, but form a different network of interactions with the rest of the domain. We note that our construct (residues 1-294 of EF-G) contains 11 proline residues, which are all in the trans conformation in the EF-G crystal structure. It is possible that the non-native G-domain structure that we observe in our experiments contains cis prolines. Destabilization of the native structure by the ribosome could help to avoid the formation of stable structures containing incorrect proline conformers, facilitating isomerization to the correct conformers by peptidyl-prolyl isomerases such as the ribosome binding-chaperone trigger factor. 35 Additional studies are required to unambiguously determine the structural identity of the non-native state and its significance for overall productive folding. Taken together, our studies demonstrate that the previously observed destabilization of nascent polypeptide structures by the ribosome occurs in an authentic globular multidomain protein, EF-G. This contribution of the ribosome may help efficient folding of the G-domain, the first domain to emerge during EF-G synthesis, whose folding might represent an important waypoint en route to the native fulllength protein.
Materials and Methods
Protein expression and purification
To generate an expression construct for full-length EF-G, we amplified the open reading frame from E. coli MC4100 genomic DNA using polymerase chain reaction and inserted it into pBAD His6 Sumo TEV LIC cloning vector (Addgene Plasmid #37507) that had been engineered to encode an N-terminal Avi tag 36 and C-terminal ybbR tag. 37 We previously utilized the Avi and ybbR tags for tethering proteins for optical tweezers experiments. 7 The His 6 -SUMO tag served to purify the recombinantly expressed protein.
A construct encoding the G-domain (amino acids 1-294 of the EF-G) was cloned the same way. Plasmids were transformed into BL21-Gold(DE3) (Agilent Technologies) host cells for recombinant gene expression. Expression and purification procedures were the same for full-length EF-G and the G-domain. Protein expression was induced with final concentration of 0.2% (w/v) L-arabinose (AMRESCO) at 258C when OD 600 reached 0.40.6. Cells were harvested 5 h after induction at 258C. Cells were lysed using an EmulsiFlex-C5 (Avestin) in buffer HN (25 mM HEPES-KOH, pH 7.4 100 mM NaCl). After cell lysis and centrifugation at 30,000g, 48C to remove cell debris, the protein was affinity purified from the supernatant using a 5 mL HisTrap column (GE Healthcare). The protein was dialyzed against buffer HN overnight, together with 1:1000 (w/w) Ulp1 to remove the His6-SUMO tag. 38 The cleaved protein was applied to the HisTrap column again (after removal of imidazole by dialysis) to remove the His 6 -SUMO moiety and the His 6 -tagged Ulp1 enzyme. The flow through was saved for further modification. Purified protein was then incubated with 1:100 (v/v) BirA biotin ligase in 13 biotinylation buffer (500 lM D-biotin, 100 mM ATP, and 100 mM Mg-acetate) at 258C for 1 h to ensure complete biotinylation of the Avitagged protein. The product was concentrated and loaded onto a HiPrep 16/60 Sephacryl S-300 HR column (GE Healthcare) and eluted with HKMD buffer (25 mM HEPES-KOH, 100 mM KCl, 5 mM Mgacetate, and 2.5 mM DTT). After concentration, protein aliquots were flash-frozen and stored at 2808C.
Protein--DNA handles product derivatization
To immobilize proteins on the surface of polystyrene microspheres for optical tweezers experiments, we modified the biotinylated, ybbR-tagged protein with a CoA-modified double-stranded DNA (dsOligo-CoA) that also contained a "sticky end" for ligation in an Sfp-mediated reaction as described previously. 7, 39, 40 After the reaction, the sample was centrifuged briefly (10 min, 16,000g, 48C) and loaded onto a Superdex 200 column (GE Healthcare) to remove Sfp and excess dsOligo-CoA. Successful derivatization was confirmed using SDS-PAGE, and the modified protein was flash frozen in small aliquots and stored at 2808C. The procedure was the same for full-length EF-G and the G-domain.
Generation of ribosome-nascent chain complexes (RNCs)
To produce the template for generating G-domain ribosome-nascent chain complexes (G-RNC), we amplified the G-domain region of the EF-G construct shown in Figure 4 using PCR, adding an N-terminal Avi-tag and a T7 promoter. PCR products were gel extracted and served as templates for in vitro transcription reactions yielding mRNA (T7 MegaScript Kit, Ambion). The mRNA product was further isolated (MegaClear Kit, Ambion) and used as a template for in vitro translation. RNCs were prepared as described before. 7 Briefly, in vitro translation reactions were carried out using the PURExpress DRibosome Kit (New England Biolabs) that we supplemented with the purified ribosomes (1 mM) that we had modified with dsOligo-CoA as described. 7 Biotinylation of nascent polypeptides was conducted concomitantly with in vitro translation by the addition of biotin, ATP, and BirA. Reactions were chilled on ice and briefly clarified by centrifugation (10 min, 16,000g, 48C). RNCs were sedimented through a 1 M sucrose cushion in buffer HKMß (25 mM HEPES-KOH, pH7.4, 150 mM KCl, 5 mM Mg-acetate, and 5 mM b-mercaptoethanol) by ultracentrifugation for 40 min at 200,000g, 48C. The supernatant was discarded and the pelleted RNCs were resuspended in HKM buffer. Translation products were analyzed by SDS-PAGE followed by detection with streptavidin-HRP (Southern Biotech) after electroblotting onto a nitrocellulose membrane to confirm accumulation of the expected product.
Immobilization of proteins and RNCs for optical tweezers experiments
We ligated the derivatized proteins to DNA handle beads 7,39,40 using T4 DNA ligase (NEB). A final concentration of 5 mM EDTA was used to quench the ligation reaction. Beads were stored on ice shortly prior to optical tweezers experiments. The procedure for ligating G-RNC to the DNA handle beads was similar, except that no EDTA was added to preserve the integrity of the ribosome.
Optical tweezers force ramp experiments
We carried out optical tweezers experiments using a home-built instrument with a single trap formed by counter-propagating beams of two 845 nm diode lasers. 41 All optical tweezers experiments were performed in buffer HKMß. One bead was immobilized by the micropipette through suction, and the other was held by the optical trap. Single tethers were confirmed either through DNA overstretching 42 or the signature unfolding transition from G-domain. All force ramp data were collected with pulling velocity of 100 nm/s, a trap stiffness of around 0.1 pN/nm, and a sampling rate of 1000 Hz.
Transforming unfolding force distribution to force-dependent rates
To extract the lifetime and transition state distance at zero force for the G-domain and G-RNC, we applied the method developed by Dudko et al.
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Force-dependent loading rates were either directly determined from our experimental data or modeled using the equation described in Ref. 24 . We then fitted our data using Bell's model 43 to extract the transition state distance and zero force lifetime. We analyzed data from one-step and two-step transitions separately and corrected the probability density of unfolding forces from one-step transitions as described in Supporting Information.
